Human-induced habitat loss and fragmentation constrains the range of many species, making them unable to respond to climate change by moving. For such species to avoid extinction, they must respond with some combination of phenotypic plasticity and genetic adaptation. Haldane's "cost of natural selection" limits the rate of adaptation, but, although modeling has shown that in very large populations long-term adaptation can be maintained at rates substantially faster than Haldane's suggested limit, maintaining large populations is often an impossibility, so phenotypic eScholarship provides open access, scholarly publishing services to the University of California and delivers a dynamic research platform to scholars worldwide. 1 1 2 3 4 5 Abstract 26
plasticity may be crucial in enhancing the long-term survival of small populations. The potential importance of plasticity is in "buying time" for populations subject to directional environmental change: if genotypes can encompass a greater environmental range, then populations can maintain high fitness for a longer period of time. Alternatively, plasticity could be detrimental by lessening the effectiveness of natural selection in promoting genetic adaptation. Here, I modeled a directionally changing environment in which a genotype's adaptive phenotypic plasticity is centered around the environment where its fitness is highest. Plasticity broadens environmental tolerance and, provided it is not too costly, is favored by natural selection. However, a paradoxical result of the individually advantageous spread of plasticity is that, unless the adaptive trait is determined by very few loci, the long-term extinction risk of a population increases. This effect reflects a conflict between the short-term individual benefit of plasticity and a long-term detriment to population persistence, adding to the multiple threats facing small populations under conditions of climate change.
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All rights reserved unless otherwise indicated. Contact the author or original publisher for any necessary permissions. eScholarship is not the copyright owner for deposited works. Learn more at http://www.escholarship.org/help_copyright.html#reuse Introduction 47 When climatic conditions change, species can only persist by shifting their range, by genetic 48 adaptation, and/or through the benefits of adaptive phenotypic plasticity. Climate is never 49 constant, but it is becoming increasingly clear that the rate of anthropogenic global warming is 50 having a significant effect on the biosphere ( . 53 In the geological past, many species were able to minimize the effects of climate change can genetically adapt to a changing environment. He argued that gene frequency change due to 83 natural selection could be viewed in terms of genetic deaths and that this "cost of natural 84 selection" was an important limiting factor. The cost (C), expressed in units of population 85 number, depends primarily on the initial frequency of a beneficial mutation (p 0 ), e.g. given 86 additive fitness, C  -2 ln(p 0 ). Haldane concluded that this cost, when combined with extrinsic 87 mortality, would limit the rate of adaptation to an average sustainable over long evolutionary 88 periods of about 1 substitution per 300 generations. This estimate was an important factor in 89 Kimura's (1968) argument for the prevalence of neutral substitutions in molecular evolution, but 90 more recently it has taken on a new level of importance in relation to long-term climate change 91 and the future of biodiversity (Nunney 2003) . In particular, the results derived from Haldane's 92 model suggest revisiting estimates of the population size consistent with long-term viability. 93 Early theoretical analyses of the effects of reduced population size on extinction risk and the loss 94 of genetic variation suggested species conservation guidelines of at least several thousand 95 individuals Campbell 1993, Lande 1995) ; however, under conditions of 96 environmental change this guideline may prove to be a serious underestimate (Nunney 2003) . 97 The limits on the rate of adaptation, especially in small populations, serve to emphasize the 98 question of whether adaptive phenotypic plasticity has an important role in promoting 99 persistence. Plasticity broadens the range of conditions under which an individual genotype can environmental change. The goal of the present work was to build on this foundation by 109 incorporating adaptive plasticity into simulations based around Haldane's original model., 110 focusing on whether or not plasticity is likely to be beneficial over the long term. Following the 111 approach of Chevin et al (2010), it was assumed that environmental change was linear with time 112 and that plasticity was defined by a linear reaction norm. However, unlike in the earlier model, 113 the reaction norm of each genotype was defined relative to the environment in which it was best 114 adapted, rather than relative to a standard reference environment. This seemingly minor change 115 alters the effect of plasticity on new mutations and was found to have important consequences. The discrete-generation model was individual based with a lottery polygyny mating system 124 with females mating once (Nunney 1993 ) and density-dependent female fecundity. The sex of 125 offspring was assigned randomly (with a 1:1 sex ratio) and the n-locus genotype of each 126 offspring was determined from its parents assuming free recombination. 127 An offspring's fitness depended on the match between its genotype and the current state of 128 the environment, mediated through Gaussian stabilizing selection acting on a single phenotypic 129 trait, z'. The optimum value of the trait (i.e. the phenotype with the highest fitness) was
The trait value of each genotype was made up of the additive effect of one or more (= n) loci 140 plus a random environmental effect (e i ). Following Lynch and Gabriel (1987) , the fitness of 141 individual i can be defined as:
(1) 143 where the trait value (z') was transformed to a genetic scale z, so that each allele adds or subtracts 144 one unit across the n loci determining the trait, as outlined below, with the current optimum z (t) = 145 cz' (t) = bcE (t) = abct = t/T (where 1/T = abc). Thus z ij is the average allele score (across the 2 146 copies) at locus j. The breadth of environmental tolerance was measured by s i , which is that is necessary to maintain adaptation. As the rate of environmental change increases, a faster 156 average rate of substitution is necessary, and T decreases. Note that this is an average interval 157 across loci since, in the additive model used, extra substitutions at one locus can substitute for 158 fewer substitutions at another. 159 An important feature of the model is the assumption that the genetic basis of the adaptive 160 trait can be defined along a continuum from a single gene of major effect, through a few genes of 161 moderate effect, to many genes of small effect. The intent is to span the range from a genetically 162 simple traits (e.g. the classic case of industrial melanism) to a typical quantitative genetic trait. 163 For this reason, the additive effect of a locus declines with n, the number of loci. were arranged in an increasing integer sequence (0, 1, 2,..), each with an effect matching their 179 label. Thus in the simulations the allele "0" was favored (at all loci) during the initial burn-in 180 period from t = -T to t = 0 (to initiate mutation-selection balance), but as the environment begins 181 to change (at t = 0) the "0" alleles become less advantageous and the "1" allele increasingly 182 favored; however after t = T generations (one allelic cycle, when t/T = 1) the advantage of having 183 an average allelic score of "1" begins to decline and allelic combinations with an average score 184 of "2" increasingly favored, and so on. Beneficial mutation always gave rise to a new allele that 185 was a single step further along the sequence than the parent allele, i.e. allele z to allele z +1. An 186 equal and opposite production of deleterious alleles was also included. 187 The evolutionary response (or lack of it) to environmental change was linked to extinction 188 risk by a logistic-like demographic model. Population regulation acted via female fecundity (f) 189 according to:
where K is the carrying capacity, and r is defined by R = 2e r , the maximum reproductive rate of 192 females. In all simulations discussed, R = 10. 193 The density dependence used in equation (2) is a special case of the function advocated (3) 226 where the product bm is the slope of the reaction norm (see below), A i is the zero intercept and 227 the small developmental time (and hence environment) difference noted above are ignored. 228 I adopted a similar approach following the tolerance-curve/reaction-norm framework used 229 by Chevin et al. (2010) and further developed by Lande (2014) . I also assumed a linear reaction norm; however, it was based on a slightly different assumption that has important implications 231 for the evolutionary interpretation of the model when different levels of plasticity are compared. 232 The basis of the adaptive plasticity adopted in the model is illustrated in Figure 1 . The 233 genetically scaled trait value (or breeding value) of genotype i is z i , and the environmental value 234 that results in its maximum fitness is E i,opt (= z i / (bc)), which prevails at time t i (= Tz i ). In the 235 absence of plasticity, the trait value of genotype i (z' i,opt = z i /c) is independent of the environment. 236 Given adaptive plasticity, the trait value exhibited by genotype i shifts if where the slope of the reaction norm is bm, given that environmental change shifts the optimum 241 trait at a rate b (see Figure 1 ). 242 We can now examine whether the differences between the current model (equation 
Defining plasticity by α i = 1 / (1 -m i ) where α i  1, we can substitute equation (5) in equation 263 (1):
so that the net effect of plasticity (α) is to increase the standard deviation of the fitness function. 266 In doing so, plasticity directly influences environmental tolerance, defined as the effect of the 267 environment on fitness (see Lande 2014) . While this effect is largely an issue of definition, it can 268 have an important consequence that I will now consider. (Table   372 1). For example, when cost was its lowest (= 0.01), the value of α increased in all simulations 373 from its initial average value of 1.80 to a value ranging from 2.57 to 4.27 after 12 allelic cycles 374 (Table 1) . 375 The effect of increasing plasticity was generally to reduce the ability of the population to 376 track the environment through genetic adaptation. This effect was quantified using the observed 377 lag in allelic substitutions (Table 1) (Table 1) .
Individual vs. population level advantage.
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In the previous section it was shown that, except when the number of loci was small, the 385 spread of plasticity resulted in an increased genetic lag. To further examine the consequences of 386 the spread of plasticity, the allelic cycle was reduced from 2xT min to 1.25xT min , i.e. the rate of 387 environmental change was set at 80% of the maximum consistent with long-term population 388 persistence in the absence of plasticity (α = 1). The results showed that the spread of plasticity 389 can lead to extinction, and that this effect is strongest when (a) the flow of beneficial mutations 390 (M) is high and (b) the number of loci determining the adaptive trait is large (Table 2) . Thus 391 when n = 1, plasticity increased to some limit and environmental tracking remained good even 392 when the cost of plasticity was low. For example, for M = 0.2 and a low cost of plasticity (= 393 0.01) , the lag after 12 cycles averaged 0.96 (Table 2) Thus the biological issue distinguishing the models appears to be whether adding an average 473 mutation to a genotype typically results in a shift in the optimum environment of the genotype 474 that is independent of plasticity or that increases with plasticity. If the shift is independent of plasticity then the current model indicates that increasing plasticity can be detrimental to a 476 population over the long term. 477 In both the present model and that of Chevin et al (2010), plasticity ensured that fitness was 478 maintained over a larger range of environmental conditions, and, not surprisingly, it has been 479 shown here that this ability to maintain fitness is always individually advantageous when there is 480 zero cost. In the present model, increasing plasticity increased a genotype's tolerance, but it also 481 resulted in an increasing population-level lag in adaptation as the rate of environmental change 482 increased, indicating a drop in the effectiveness of natural selection. Thus over the long-term, 483 plasticity was disadvantageous. The only exception was found when adaptation relied on one or 484 two loci of large effect. 485 Why was plasticity found to be advantageous when the number of loci (n) determining the 486 adaptive trait was small? The reason is almost certainly bet hedging. When n is large, the 487 variance in the flow of beneficial mutations is much less than when only one or two loci are 488 involved. Thus while plasticity may still impose a cost on the effectiveness of natural selection 489 when n = 1, there will be times when the waiting time between mutations is unusually high. If 490 this happens when the environment is changing rapidly, the population will lack the variation to 491 adapt and will decline to extinction unless individuals exhibit substantial plasticity, enabling 492 them to survive this atypical (but inevitable) period. A similar effect due to the stochastic nature 493 of mutation was observed in the model of Bürger and Lynch (1995) . 494 It is expected that plasticity has a cost. (DeWitt 1998). The cost of responding to 495 inappropriate environmental cues was not considered here; however, the possibility of a 496 continuing fitness cost due to the need to maintain the ability to mount a plastic response was 497 included. Chevin et al (2010) showed that when plasticity has such a cost there is a threshold 498 value above which the population would go extinct if plasticity ever became that high; however 499 their model did not consider the possibility of plasticity itself evolving. In the current model, 500 when plasticity was free to evolve, plasticity typically increased to an intermediate optimum, 501 and, if the rate of environmental change was initially close to the extinction threshold of a 502 population, then the evolution of plasticity could drive the population to extinction (Table 2) . 503 This sets up an interesting group selection scenario (sensu Nunney 1985) with individual 504 selection acting to increase plasticity, but with population-level selection acting on the emergent 505 property of extinction to decrease it. However, it is very unlikely that the population-level selection would ever be successful at suppressing the individual effect (see Nunney 1999) . As a 507 result we are left with the likelihood that given directional environmental change, individual 508 selection will favor increased plasticity and that as a general rule selection for this form of 509 plasticity will make the population more vulnerable to extinction. The detrimental effect of increasing plasticity is of particular concern in small populations Table 2 : The spread of plasticity driving extinction when the rate of environmental change is 80% of the maximum consistent with population persistence when α = 1 (i.e. 1/T 80 ). The values shown are the lag in allelic substitutions and (in parentheses) the average value of plasticity (α) after 12 allelic cycles of environmental change (i.e. 12T 80 gens). "Extinct": all 6 simulations went extinct within 12 cycles. If this was not the case, but extinction was 100% by 60 cycles, then the percent extinction after 12 cycles is shown. The cost of plasticity was defined as 1/(1+A), and s = 1 throughout. 
